Gastric cancer is the third greatest global cause of cancer-related deaths. Despite its high prevalence, only recently have comprehensive genomic surveys shed light on its molecular alterations. As surgery is the only curative treatment strategy and chemotherapy has shown limited efficacy, new treatments are urgently needed. Many molecular therapies for gastric cancer have entered clinical trials but-apart from Trastuzumab and Ramucirumab-all have failed. We analyze the current knowledge of the genetic 'landscape' of gastric cancers, elaborating on novel, preclinical approaches. We posit that this knowledge lays the basis for identifying bona fide molecular targets and developing solid therapeutic approaches, requiring accurate patient selection and taking advantage of preclinical models to assist clinical development of novel combination strategies.
Proximal/gastroesophageal junction tumors are usually associated with inflammation due to chronic gastric acid/bile reflux. Inflammation is characteristically absent in the development of gastric cancer resulting from germline mutations in the human cadherin 1 gene (CDH1) [6] . A role for the Epstein-Barr virus (EBV; whose genome can be identified in tumor cells) has also been demonstrated [7] (Box 1). Approximately 80-90% of gastric carcinomas develop in a sporadic setting, and the remaining show familial clustering, with approximately 1-3% exhibiting a clear inherited genetic susceptibility [6] .
Box 1.

Role of Epstein-Barr Virus in Epithelial Tumors
EBV-associated epithelial cancer (characterized by the presence of an integrated EBV genome) represents approximately 80% of EBV-associated neoplasms [55] . The most frequent neoplasms are nasopharyngeal carcinoma (89%) and gastric cancer (10%). EBV is not sufficient to induce the full malignant transformation but is believed to impart the first 'hit' to the process. In fact, the presence of a clonal EBV genome in tumor cells indicates that viral infection takes place at the beginning of the tumorigenic process. P16 inactivation (commonly found in EBV+ tumors) is required to allow persistent EBV inactivation in epithelial cells, eliciting clonal expansion of EBV-infected cells [56] . Another common event in EBV+ tumors is PDL1/2 overexpression that underlines the role of immune evasion for progression of these tumors. Finally, EBV+ tumors are rarely associated with p53 mutations, which are otherwise very common in EBVtumors of the same histotype [11] .
Two main classifications are used to define gastric adenocarcinomas: (i) the World Health Organization (WHO) classification recognizes four histological subtypes (papillary, tubular, mucinous, and poorly cohesive) and (ii) the Lauren classification identifies intestinal, diffuse, or mixed subtypes [8] . Neither the WHO nor the Lauren classification systems are particularly clinically useful, as their prognostic and predictive capabilities cannot adequately guide patient management. Therefore, at present, the histopathological, anatomical, and epidemiological distinctions are not taken into account in the clinical management of the disease, either initially for potentially curative treatment, or, palliatively, for advanced disease.
While the identification of specific molecular phenotypes in other epithelial malignancies has had profound implications for treatment strategies, this has had a much lower impact on gastric cancer. As molecular alterations of drug-targeted genes are fairly frequent9 and 10, research performed in preclinical models could help identify actual tumor drivers along with the best therapeutic options. The first group (9% of gastric adenocarcinomas) was significantly enriched in EBV burden and was characterized by extensive DNA promoter hypermethylation (typically associated with silencing of specific genes). Interestingly, the methylation profile was different from that observed in the microsatellite instability (MSI) subtype, with several genes differentially silenced [e.g., MLH1 (Mutl homolog 1), a key component of the DNA mismatch repair system, which is hypermethylated in MSI tumors but not in EBV+ tumors]. Interestingly, the EBV subtype showed the highest frequency of PIK3CA(phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit α) mutations (80% of cases), dispersed along the sequence and common to those present in the TCGA dataset or in the COSMIC (Catalogue Of Somatic Mutations In Cancer) repository, in 68% of the cases [11] . Other common alterations or mutations were found in ARID1A(AT-rich interaction domain 1A gene, 55%) and in BCOR (BCL6 corepressor gene, 23%), plus the amplification of a locus containing JAK2 (Janus kinase) and PDL1/2 (Programmed cell death 1 ligand 1 and 2; inhibitory immune checkpoint) genes (15%). This latter observation can be functionally coupled with the finding that strong IL-12 mediated signaling molecular signatures were identified, suggestive of a robust presence and/or communication/with immune cells in these biopsies. Consequently, targeting PI3K and inhibitory immune checkpoints may indeed yield important therapeutic targeting options.
The second group was enriched for MSI (22% of gastric adenocarcinomas), presenting elevated mutation rate and hypermethylation [11] .
Mutations of kinases such as EGFR(5%), HER2 (5%), HER3 (14%), JAK2 (11%), FGFR2 (2%), MET (3%), and PIK3CA(42%) were present. Interestingly, MSI tumors revealed common alterations in major histocompatibility complex class I genes, such as B2M and HLA-B, potentially suggesting reduced tumor antigen presentation to cells of the immune system.
The third group, named genomically stable (20% of cases), lacked extensive somatic copy number aberrations, and biopsies often presented diffuse type histology. This subtype frequently presented alterations in genes involved in cell adhesion, such asRHOA (15%), CDH1 (26%), and CLDN18/ARHGAP (15%). Moreover, these tumors also exhibited elevated expression of cell adhesion and angiogenesis-related pathways.
The last group was defined as CIN, characterized by chromosomal instability (50% of cases) [11] . From a molecular point of view, among the non-hypermutated tumors, CIN cancers showed the highest frequency of p53 mutations. However, an important distinction for these was the activation of the RTK/RAS pathway as a consequence of gene amplification.
Indeed, in CIN tumors they found amplification of EGFR (10%),HER2 (24%), HER3 (8%), JAK2 (5%), FGFR2 (8%), MET (8%), PIK3CA (10%), andKRAS/NRAS (18%).
Overall, the authors of this work did not find systematic differences in the distribution of subtypes between patients of East Asian and Western origin. As the identified tumor types were not linked to different prognoses, this classification may not substantially help physicians from a prognostic point of view, but the findings, however, are of outstanding importance; they may allow the identification of putative and useful target therapies to improve the yet unsatisfactory outcome of gastric cancer patients.
ACRG (Asian Cancer Research Group) Molecular Characterization of Gastric Adenocarcinomas
The ACRG recently provided a new classification of gastric cancer, identifying four subtypes [12] (Figure 2 ): MSI (displaying loss of MLH1); MSS/EMT (microsatellite stable and epithelial-mesenchymal transition; displaying loss of cadherin); MSS/TP53+ (p53 active) and MSS/TP53-(p53 inactive). One of the most important aspects of this classification is that it correlates the molecular subtypes with clinical prognosis. The MSS/EMT subtype occurred at a younger age, was mainly of the diffuse type, was diagnosed at late stages, and showed the worst prognosis. The MSI subtype occurred mainly in the antrum (75%), was preferentially an intestinal subtype (>60%), was mostly diagnosed at early stages, and showed the best prognosis. EBV positivity occurred more frequently in the MSS/TP53+ group. MSS/TP53+ and MSS/TP53-presented an intermediate prognosis. Moreover, the MSS/EMT type was associated with a higher chance of recurrence compared with MSI (63% versus 23%). The first site of recurrence was different according to the subtype: peritoneal seeding was more frequent in the MSS/EMT (64% versus 23%), and liver-limited metastases were more frequent in the MSI (23%) and MSS/TP53-subtypes (21%). Concerning the molecular status of different subtypes, the MSI subtype was associated with the presence of hypermutations in genes such as KRAS (23%), ALK (16.3%), ARID1A (44.2%), and those involved in the PI3K pathway (42%). The MSS/EMT subtype presented a lower mutation frequency compared with the other MSS groups (P<0.001). Within this category, the MSS/TP53-subtype exhibited the highest prevalence of TP53 mutations (60%) while the MSS/TP53+ presented a higher frequency of mutations in APC, ARID1A, KRAS,PIK3CA, and SMAD4. Considering the copy number profile, genomic instability was present in 28% of all cases and was significantly associated with the MSS/TP53-subtype [12] . 
Comparison between TCGA and ACRG Classifications
A comparison between the TCGA and the ACRG classifications shows similarities and differences. Both identified a MSI subtype characterized by high mutation frequency and best prognosis; TCGA GS, EBV+, and CIN subtypes were enriched in ACRG MSS/EMT, MSS/TP53+, and TP53-, respectively. However, CIN and GS TCGA tumors were present across all ACRG subtypes. On the basis of the different frequency of CDH1 andRHOA mutations, the TCGA GS subtype was not equivalent to the ACRG MSS/EMT subtype. Similarly, MSS/TP53 did not overlap with the TCGA EBV subtype, as only 12/18 EBV+ tumors were present in the MSS/TP53 group (79 tumors). Why are these two classifications only partially overlapping? Possible explanations are that: (i) a larger proportion of the ACRG tumors constituted the Lauren diffuse type, and fewer constituted proximal or junctional ones, as it is known that these tumors are very different in terms of their behavior and evolution; (ii) the ethnic origin of the patients is different: they are mainly from Korea in the ACRG and from USA and Western Europe in the TCGA; and (iii) the two groups used different technological platforms.
Molecular Classifications of Gastric Adenocarcinomas: What Can They Teach Us?
These two classifications, while not completely overlapping, represent an important step forward in advancing our knowledge of the molecular basis and subtyping of gastric cancer. As previously discussed, it may provide fundamental help in the development of rational molecular therapies. To date, conventional therapies rely mainly on surgery, chemotherapy, and radiotherapy, but the available cytotoxic agents are applied indiscriminately to all subtypes-with only modest success. Concerning molecular therapies, only two target therapies have been approved so far by the FDA and the European Union for advanced gastric cancer: Trastuzumab (anti-HER2 monoclonal antibody, mAb) and Ramucirumab [an anti-vascular endothelial growth factor receptor 2 (VEGFR-2) mAb, with antiangiogenic activity] 13, 14 and 15. However, most patients have seen limited benefit from these drugs. Moreover, trials with other anti-HER2 or antiangiogenic drugs have recently failed 16, 17, 18 and 19 ( Figure 3) . Despite the diverse molecular alterations identified in gastric carcinomas, from the perspective of metastasis, the only molecular therapy currently approved for metastatic gastric cancer (based on tumor genetic alterations) is Trastuzumab [13] . Even though results obtained in Trastuzumab clinical trials suggest that HER2 is a bona fide target in gastric cancer, the efficacy of the treatment is not durable [13] . An improvement could come from a rigorous selection of patients. Many preclinical studies have shown that cancer cells can be 'addicted' to genetically altered oncogenes [20] . The most frequent causes of addiction to activated receptor tyrosine kinases are mutations and amplifications [21] . In particular, in the case of HER2, an amplification of at least 4-fold (i.e., eight HER2 copies) is required to observe a clinical response to anti-HER2 therapies: the higher the level of amplification, the stronger the patient's response [22] . Moreover, it is still unclear if tumors displaying HER2 activating mutations (2-3% of gastric cancers) do respond to Trastuzumab and should thus be treated. Overall, predictive biomarkers of response to HER2 are still missing and no mechanisms of primary or secondary resistance to Trastuzumab-which would allow patient exclusion-have been identified in gastric cancer. As an example, the effect on response to therapy from the co-presence of mutations/amplifications of other RTKs, PIK3CA, and KRAS (all identified in the described reports) has yet to be evaluated.
How could we address the search of negative and positive predictors of response? As already performed in the case of other tumors, the use of patient-derived xenograft(PDX) models could help in this quest ( Figure 4, Box 2 ) . For example, in colon cancer, Bertotti et al. studied a wide cohort of metastatic colon cancer PDXs and evaluated the response to treatment with the anti-EGFR mAb Cetuximab [23] . Response to Cetuximab in PDXs paralleled that reported for colon cancer patients. Indeed, PDXs showing mutations in KRAS, NRAS, BRAF, or PI3K were insensitive to Cetuximab. Analyzing non-responder PDXs, the authors identified HER2 amplification and mutations as mechanisms of resistance to anti-EGFR therapy 23 and 24. These data led to the undertaking of a Phase II clinical trial in metastatic colon patients displaying HER2 amplifications, which showed the efficacy of HER2 targeting (30% objective responses, 59% disease control, in chemotherapy and anti-EGFR mAb refractory patients) [25] . As the generation of gastroesophageal PDXs is feasible 26, 27 and 28 and gastric PDX platforms are available 29 and 30, the analysis of responder and non-responder HER2+ tumors could shed light on the mechanisms of Trastuzumab resistance and facilitate the identification of response predictors to gastric cancer. One alternative and/or complementary approach to the analysis of PDXs would be the in vitro use of tumor-derived cells and tumor organoids to verify the sensitivity of tumor cells to different targeted therapies 31, 32, 33, 34 and 35. This would provide the important advantage of allowing large-scale drug screens in a shorter timeframe [36] (Figure 4) . 
PDX Models in Translational Cancer Research
PDX models are increasingly used for drug screening, biomarker discovery, and preclinical testing of personalized medicine approaches. Many studies have indeed shown that PDXs closely recapitulate the histological, molecular, and biological features of the tumors from which they were derived [57] . The use of PDXs facilitates nonconventional prospective trials ex vivo and entail the subcutaneous implantation of fresh tumor biopsies in immunocompromised mice, followed by the establishment of perpetuated 'cancer lines' in experimental animals. Moreover, PDXs facilitate combining therapeutic treatments, allowing to dynamically monitor a 'clinical response'. This in turn enables researchers to derive molecularly based response signatures for targeted therapies. By exploiting a PDX colony large enough to mirror the heterogeneity of gastric cancer genotypes (including low prevalence ones), it is possible to validate known potential actionable targets and generate hypotheses for proof-of-concept precision medicine trials in patients. The use of clinically annotated PDXs as a hypothesis generation tool couples the higher flexibility of preclinical analysis with the informative value of population-based studies.
Another interesting possibility derived from these studies is that in different tumor contexts, effective targeting of the same molecule might require diverse therapeutic approaches. Indeed, anti-HER2 monotherapy (with Trastuzumab, Pertuzumab-two mAbs-or Lapatinib-a dual EGFR/HER2 tyrosine kinase inhibitor) is efficacious in inhibiting HER2 in breast cancer [37] , but studies performed in PDXs have shown that it is poorly effective in colon cancer, where a good response might be obtained only with the combination of an anti-HER2 mAb and Lapatinib [23] . Recently obtained data in human patients reinforce this finding [25] . Along these lines, different approaches to target HER2 could also be used in HER2-amplified gastric PDXs or in cell lines/organoids, to identify the best therapeutic approach. Figure 3 ). However, in most cases, recruited patients have not been selected based on genetic alterations of the investigated target. This becomes a critical point to consider if the mutated target of interest is present at a very low frequency in the subjects (unselected population), because the number of response outcomes could be too low to be statistically significant. Moreover, many of the performed trials have not reported anex post analysis, which would allow investigating if the few responders share genetic features. While the identification of mutations is not questionable, the functional definition of 'gene amplification' is less obvious and depends on the utilized technique and chosen threshold. At the moment, with the exception of HER2, there is no agreement on the criteria to be used to evaluate gene amplification/overexpression. Indeed, different studies have utilized either immunohistochemistry, real-time PCR, or fluorescent in situhybridization and have applied diverse thresholds/criteria of positivity, even when using the same technique. The lack of standardized criteria makes it extremely difficult (if not impossible) to define the frequency of these amplifications and to correctly select patients that could benefit from therapies targeting amplified targets. As shown in the clinic for HER2, as well as in preclinical studies for other RTKs, tumor cells become 'addicted' to an oncogene when they have at least eight copies of that gene 22 and 45. Thus, this is the number of gene copies a tumor should display to effectively respond to a targeted therapy [22] . However, inclusion criteria have often been less restrictive, sometimes simply based on protein overexpression without any copy number analysis. Similar negative results have been observed in Phase II and III clinical trials targeting the PI3K pathway performed on unselected patients 46 and 47. From the TCGA study discussed here, we know that 72% of EBV+ and 42% of MSI+ gastric tumors presentPIK3CA mutations. Consequently, the TCGA tumor characterization criteria could facilitate the identification of PIK3CA mutated tumors. Of note, it is presently unclear which of the mutations are 'real drivers'; also in this case, the use of in vitro tumor-derived material (cells and organoids) or PDXs could be helpful in identifying the oncogenic potential of such mutations, in addition to optimizing a conceived therapeutic approach. Furthermore, since the PI3K/AKT/mTOR pathway can be inhibited at different levels of the cascade, these preclinical systems might allow the testing of different drugs and combinations, and the subsequent identification of the most efficacious ones. Finally, the use of MAPK inhibitors in KRAS mutated/amplified tumors (which represent around 17% [11]) has not yet been explored.
The in-depth analysis of genomic data might also clarify if, in selected subgroups, it is possible to identify 'trunk genetic alterations'-that is, alterations that have appeared in early clonal tumor progenitors and thus are ubiquitously present in neoplastic cells (Box 3). Clinical experience has shown that when trunk mutations are targeted, as in the case of chronic myelogenous leukemia, the efficacy of the selected molecular therapy in strongly increased [48] .
Box 3.
Trunk Mutations and Intratumor Heterogeneity
Sequencing of many tumors of the same histotype has proved the existence of genetic intertumoral heterogeneity. Moreover, genomic analysis of different samples obtained from diverse regions of a single tumor, in addition to single cell genomic analysis, have revealed the presence of intratumoral genetic heterogeneity. This has provided the opportunity of modeling tumor evolution within a 'tree structure' of tumor development. The 'trunk' of the tree is represented by somatic alterations driving tumor growth, already present in early clonal progenitors and likely to represent ubiquitous events occurring at all sites within a tissue. By contrast, somatic alterations occurring later on, following a branched separation of subclones, epitomize heterogeneous events [58] . Such heterogeneity can be observed not only inside a tumor but also at metastatic sites. Targeting 'trunk' mutations, ubiquitously present in tumor cells, may be more effective and provide new approaches to limit the onset of tumor resistance. However, 'branch' mutations help explain how tumors can evade cancer therapeutics; as these mutations can lead to activation/inactivation of pathways conferring resistance to treatment, cells bearing these mutations can be selected during treatment and become the prominent population within the tumor [59] .
Finally, immunotherapy could be potentially promising in two subgroups, namely EBV+ and MSI+ tumors. Indeed, the high number of mutations present in MSI+ tumors creates neoantigens that influence the patients' response to immune checkpoint inhibitors49 and 50. This has been recently shown for colon cancer (restricted to MSI + ) and lung cancer patients, where the response to immune checkpoint inhibitors (such as the CTLA4 mAb Ipilimumab, or the PD-1 mAbs Pembrolizumab and Nivolumab) led to detectable numbers of T cells recognizing clonal neoantigens, and provided durable clinical benefits 51 and 52. In the case of EBV+ patients, PDL1/2 overexpression and immune pathway activation signatures strongly justify targeting these molecules/pathways via immunotherapy, as they are most likely good candidates of immune response reactivation. Thus, the identification of tumors belonging to these two subgroups might prove fruitful in selecting candidates for immunotherapy, as it has been fairly effective for different neoplastic malignancies 53 and 54 (Box 4). Unfortunately, no drug-targeted genomic alterations have been identified so far in the genomically stable subtype, and thus targeting this subtype remains a critical aim in this field of investigation.
Box 4.
Clinician's Corner
The prognosis of gastric cancer is poor and has not sufficiently improved in recent years.
Only two targeted therapies have been approved in advanced gastric cancer: Trastuzumab, in HER2-amplified patients, and Ramucirumab, targeting VEGFR2.
Clinical trials targeting other genetically altered tyrosine kinase receptors (such as EGFR, MET, FGFR2) have all failed. It is not yet clear if this is attributable to the fact that these molecules are not bona fide targets in this neoplasm or if clinical trials have not appropriately selected patients having the potential to respond to targeted therapies.
Two new molecular classifications of gastric cancer have been recently published. Although not completely overlapping, they can be of clinical help. The subtypes described by the TCGA classification, in fact, are associated with specific genetic 'druggable' alterations; the AGCR subtypes are associated with a different prognosis and thus could help physicians in modulating the intensity of a therapeutic regimen.
Recently, immunotherapy acting on checkpoint blockade has become an interesting option to potentially treat many tumors. Two gastric cancer subtypes (the TCGA EBV+ and MSI+ ones) show molecular characteristics suggesting a promising potential responsiveness to these immunotherapies.
Several cancer centers and health institutions all over the world have launched programs aimed at deriving in vitro and in vivo models from patient tumors. Studies performed in these models could help physicians understand the molecular basis of the clinical responses observed in patients from which the models have been derived. They could also identify new therapeutic strategies potentially effective in individual patients.
Concluding Remarks
As personalized medicine relies on tailoring patient treatments, based on molecular characteristics of a given disease, the two reports recently published by the TCGA and ACRG groups represent an important advance in the field of gastric cancer. Given that the use of targeted therapies in gastric tumors is much less common than in other cancers, the reported data provide a critical starting point to design more appropriate clinical trials based on the principles of precision medicine. To eventually identify bona fide molecular targets and develop solid therapeutic approaches, accurate patient selection for clinical trials is cogent. Moreover, recently available preclinical models (including tumor-derived cell lines, organoids, and PDXs) and the design of co-clinical trials (useful to address drug responses in PDXs, interrogating novel combination strategies to overcome emergent resistance) should be used to assist the clinical development of therapeutics (see Outstanding Questions and Box 4). It is thus desirable that acquired molecular knowledge derived from genomic, transcriptomics, and other 'omic' technologies be envisaged as a solid starting point to substantially improve the efficacy of gastric cancer treatment. Can the identification of the molecular landscape of gastric cancer help us define positive and negative predictors of response to Trastuzumab? Is Trastuzumab the best anti-HER2 therapy in gastric cancer? Can Trastuzumab only target gastric tumors displaying HER2 amplification or can it also target tumors bearing HER2 mutations? Preclinical models have shown the effectiveness of targeting EGFR, MET, and FGFR2 in gastric cancer cells. As clinical trials targeting these receptor tyrosine kinases have yielded negative results, can we still consider them as relevant intervention targets in gastric cancer? PIK3CA is frequently mutated in gastric cancer and PI3K inhibition has shown clinical benefit in other malignancies. Can we accurately identify the PI3K mutations that render this kinase an oncogenic driver? What is the best strategy to effectively target PI3K in gastric cancer?
Are the EBV+ and MSI+ subtypes (respectively showing high expression levels of PDL1/2 and high neoantigen burden) solid candidates for immunotherapy? Can molecular profiling help us identify originating 'trunk mutations' in gastric cancer? How do gastric cancer molecular profiles compare with other malignancies (e.g., colorectal cancer), and what can we learn from these comparisons? Are there common pathways and genes being upregulated/downregulated, and can this knowledge be applied to achieve more effective targeting/drug development? How does genetic intratumor heterogeneity impact the efficacy of targeted therapies in gastric cancer? How does genetic heterogeneity in primary versus metastatic gastric tumors sustain the occurrence of therapeutic resistance? What are the most optimal ways to use PDXs to facilitate the identification of new therapeutic targets in gastric cancer?
